.R~~~@~~S on smooth muscle cells: characterization by contraction and specific antagonists. Am. J. Physiol. 242 (Gastrointest.
Liver Physiol. 5): GBWG407,1982.-Smooth muscle cells were isolated from the stomach of the guinea pig, and the kinetics, stoichiometry, and specificity of contraction in response to the C-terminal octapeptides of cholecystokinin (CCK-OP), gastrin-17, and acetylcholine were examined. All three agonists elicited dose-dependent peak contraction that did not depend on the presence of extracellular calcium. The potencies of CCK-OP and gastrin-17 were equal (I&0, lo-l1 M) and 10 times greater than the potency of acetylcholine ( D50, 10V1' M). A combination of low doses of acetylcholine and CCK-OP was synergistic; however, its effect did not exceed the maximal response to either agonists alone or to high extracellular concentrations of calcium. The specificity of the receptors was established by the use of atropine and the two CCK-receptor antagonists dibutyryl cGMP and proglumide. The span of the dose-response curves was wide, suggesting the existence of receptor heterogeneity.
It is concluded that gastric smooth muscle cells of the guinea pig possess distinct, high-affinity receptors for CCK-gastrin and acetylcholine; the receptors mediate contraction that is not immediately dependent on the presence of extracellular cdlcium.
atropine; dibutyryl cGMP; proglumide; calcium; muscle contraction SEVERAL PEPTIDES, including substance P, methionineenkephalin, leucine-enkephalin, bombesin, and the C-terminal octapeptide of cholecystokinin (CCK-OP), are present in neurons of the myenteric plexus (12, 13, 15, 28). The peptides could be released from nerve terminals to act directly on smooth muscle cells or indirectly via other neural pathways. A decisive test of the possibility of direct (i.e., myogenic) action is to demonstrate an effect on isolated smooth muscle cells devoid of neural elements. Direct effects are more difficult to demonstrate in smooth muscle strips because these retain intrinsic innervation; in strips, the distinction from neurally mediated effects is usually made with specific neurotoxins such as tetrodotoxin (32, 37) .
CCK is released as a hormone from the mucosa of the small intestine and as a neurotransmitter-neuromodulator from nerve terminals of the myenteric plexus (12,28) l Its mode of action on smooth muscle varies with the region of the gut (2, 20, 29). We and others have shown that CCK contracts circular smooth muscle of the gallbladder directly and longitudinal smooth muscle of the ileum indirectly via release of acetylcholine (32, 36, 37).
In some tissues, the neurally mediated and direct effects coexist and may be opposite. Thus, in the lower esophageal (4) and choledochal (5) sphincters of the cat, CCK-OP causes a predominant neurally mediated relaxation; the direct contractile effect can be unmasked after exposure of the sphincter to tetrodotoxin. The effect of CCK or gastrin on canine (21-23) and human (6, 18) gastric smooth muscle in vitro appears to be direct, although some uncertainty remains because cholinergic antagonists rather than generalized neurotoxins were used to test this possibility. CCK has also been reported to cause gastric relaxation in dogs (31, 35); the mode of action in this instance is not known.
We have used isolated gastric smooth muscle cells to test the direct action of CCK. Previously, functionally viable smooth muscle had been isolated from the amphibian stomach only (3, 9, 14). We have modified the procedure of isolation to obtain muscle cells from the stomach of several mammalian species [humans, dogs, and guinea pigs (8, lo)] and devised an image-splitting micrometric technique to measure contraction and relaxation. In the present study, we examine the kinetics, stoichiometry, specificity, and calcium requirement of the contractile response to CCK-OP and acetylcholine in smooth muscle cells isolated from the guinea pig stomach. The results demonstrate the existence of specific, high-affinity receptors for CCK-OP and acetylcholine, capable of mediating contraction. The peak contraction elicited by these agonists does not require the presence of extracellular calcium.
METHODS

Preparation of dispersed cells. Smooth muscle cells
were isolated from the extrinsic muscle layers of the stomach of male guinea pigs weighing 300-600 g. The method was a modification of that used for isolation of r1uscle cells from the stomach of Bufo marks (9), which was based on the original method of Bagby et al. (3, 14) , After anesthesia with pentobarbital sodium, the stomach was removed, opened along the lesser curvature, and placed in ice-cold Krebs-bicarbonate buffer solution bubbled with 95% 02-S COZ. Equal halves of the stomach were pinned to a frozen corkboard, and the serosa was stripped with fine scissors; the muscle layer could then be peeled off the underlying mucosa as one sheet. Each muscle sheet was cut into strips (2 cm long, 2 mm wide) that were then incubated for two successive 45-min pe-G401 riods at 31°C in 15 ml of Krebs-bicarbonate buffer solution containing 0.1% collagenase (150 U/mg, Worthington Biochemical CLS type II) and 0.01% soybean trypsin inhibitor (Millipore, Freehold, NJ) and bubbled with 95% Oz-5% COZ. The composition of the buffer solution was NaCl, 120 mM; KHzPOd, 2.6 mM; KCI, n4 mM; CaC12, 2 mM; MgClz, 0.6 mM; NaHC03, 25 mM; glucose, 14 mM; and L-amino acid supplement (Microbiological Associates, Walkersville, MD), 26 ml/l of buffer. At the end of the second enzymatic incubation, the medium was filtered out through 500-pm Nitex. The partly digested muscle strips left on the filter were washed four times with a total of 50 ml of collagenase-free Krebs buffer solution. The strips were then transferred into 15 ml of fresh Krebs buffer solution and left to stand for 30 min to permit the muscle cells to disperse spontaneously. The cells were harvested by filtration through 500~pm Nitex. No mechanical force was used to disperse the cells other than that generated by bubbling 02 and COZ. It is emphasized that only those cells that had dissociated spontaneously in enzyme-free medium were used for functional measurements.
The cells were counted in a hemocytometer, and the fraction of cells excluding trypan blue (98 out of a 100) was estimated.
Each stomach yielded about lo7 muscle cells.
Stimulation of dispersed cells. Cell suspensions were studied usually within 30 min. The technique for stimulation was similar to that described for amphibian cells (9). Aliquots consisting of 25 x lo3 cells in 0.5 ml were added to 0.1 ml of solution containing the agent to be tested, thereby ensuring rapid mixing. The reaction was interrupted after 30 s by addition of 0.1 ml of acrolein to a final concentration of 1%. In control experiments, 0.1 ml of Krebs solution was substituted for the test agent, and the cells were fixed with acrolein at 30 s. In experiments where the kinetics of contraction were measured, the reaction was interrupted at various times from 15 s to 8 min.
Measurement of contractile response. The contractile response was taken as the decrease in the average length of a population of muscle cells exposed to a test agent. The decrease was expressed in micrometers or in percent change from control length. Cell length was measured as follows. An aliquot of cells fixed with acrolein was placed on a slide under a coverslip, and the lengths of the fast 50 cells encountered randomly in successive microscopic fields were measured using an image-splitting eyepiece connected to a micrometer (Vickers, Croydon, UK). The procedure was repeated for each concentration of a test agent. The micrometric technique was validated by measurements from photomicrographs in three experiments. An inverted Leitz microscope was used to scan and photograph successive fields of cells for each stimulatory modality. The photomicrographs were projected on a paper screen, and the enlarged cell outlines were measured with a plan measure (map measure 62-0310, Keuffler and Esser). The mean cell lengths, calculated from enlarged photomicrographs in the control state and after exposure to maximal doses of CCK-OP or acetylcholine, were identical to those measured directly by image-splitting micrometry ( Fig. 1) . Twes of exxleriments. The following tvpes of experi- For experiments in which calcium-free medium was used to examine the contractile response, the cells were prepared as follows. The initial two incubations with collagenase were completed as usual in calcium-containing Krebs buffer. The muscle strips were then divided into two portions. One control portion was treated as outlined above for cell dispersion by washing the strips with 50 ml of collagenase-free Krebs buffer and by incubation in 15 ml of fresh Krebs buffer for 30 min to permit the cells to disperse spontaneously. The second portion was washed and incubated in the same manner but with calcium-free Krebs buffer containing 1 mM EGTA.
Survival of contractile function. Although experiments were done within 30 min of cell dispersion, the cells remained fully responsive for at least two more hours. The average decrease in response to CCK-OP after 2 h relative to that observed in freshly prepared cells was 6 t 3% (n = 3).
Data analysis. As noted above, contraction was expressed as the percentage decrease in cell length from control. This normalized measurement was found to be more reproducible than the measurement of absolute decrease in cell length. The percentage decrease in cell length was calculated in each cell population and for each test done by comparing the mean length of 50 random cells in the control state with the meanlength of 50 random cells exposed to the test aeen t. Where inhi .b- itors of contraction were used, the degree of inhibition was expressed as the percentage decrease in the contractile response taken as 100. Throughout this paper, n refers to the number of experiments.
Statistical evaluation is for paired values by Student's t test, except where otherwise stated.
RESULTS
Morphometric
profile of gastric smooth muscle cells. Freshly dispersed cells vary widely in length. Some are fully relaxed and others are in various states of contraction (Fig. 2, A-D) . The range (65-350 pm) and mean cell length (125.4 rf: 3.8 pm) in 30 consecutive experiments were similar to those found in the stomach of the amphibian B. marinus (9).
A cumulative distribution curve of cell length in the control state is shown in Fig. 3 . Ten percent of the cells were longer than 220 pm and 10% shorter than 100 pm. Exposure of the cells for 30 s to maximal doses of CCK-OP or acetylcholine shifted the morphometric profile to the left, so that no cells were longer than 220 pm and about 60% were shorter than 100 pm. An expression of the overall contractile effect could be obtained by comparing median length in each.curve. Kinetics of contraction. The contractile response to CCK-OP or acetylcholine was prompt, rising to a peak within 30 s (Fig. 5) . The slope of the rise was steep (72% of the peak in 15 s), suggesting that contraction was virtually instantaneous.
After the peak, contractile response declined to a plateau for the remainder of the period of observation (8 min). The kinetics of contraction in response to high concentrations of calcium in the bathing medium were similar to those shown in Fig. 5 .
In the present study, only peak responses were used to Slope of rise to a peak in 30 s shows response is instantaneous, A sustained plateau response follows peak for at least 8 min. Values are means t SE. construct dose-response curves and to evaluate the effects of inhibitors.
Stoichiometry of contraction. The contractile responses to CCK-OP, unsulfated gastrin-17, and acetylcholine were dose dependent (Fig. 6) . The maximal responses to 1O-' M CCK-OP (34.3 t 0.7% decrease in cell length, means t SE in 44 expts) and 10W7 M acetylcholine (34.1 t 0.9%, n = 38) were identical to those elicited by 5.4 mM calcium (34.3 t 1.7%, n = 8). Higher concentrations of calcium (16.2 mM) did not elicit a significantly greater response. The maximal response to unsulfated gastrin-17, although somewhat less (31.6 it 1.6%, n = 6), was not significantly different from the maximal responses to CCK-OP, acetylcholine, or calcium. The maximal response to CCK-OP (32 t 4%) and acetylcholine (35 t 8%) (n = 4), derived from enlarged photomicrographs, was similar to that derived from micrometry ( Fig.  1) l The potency of CCK-OP was identical to that of gastrin-17 (Dso, IO-l1 M) and about 10 times greater than the potency of acetylcholine (Dso, 10-l' M).
The maximal responses to CCK-OP and acetylcholine declined and tended to plateau at supramaximal doses in a pattern reminiscent of the pancreatic amylase response to these two agonists (1) .
Synergism between acetylcholine and CCK-OP, The possibility of synergism between acetylcholine and CCK-OP was tested in five experiments in which muscle cells were exposed to lo-l2 M CCK-OP and lo-l1 M acetylcholine (Table 1) . These doses were selected to give individual responses that were less than half the maximal response (34 and 38% of maximal response, respectively). The response to the combination of submaximal doses of acetylcholine and CCK-OP was I) significantly greater than the responses to either CCK-OP (P < 0.01) or acetylcholine (P < 0.01); 2) significantly greater than the sum of the individual responses (P c 0.05); and 3) not significantly different from the maximal response to CCK-OP (Table L4) .
In four separate experiments, the effects of maximal doses of CCK-OP (NY9 M) and acetylcholine (10B7 M) were tested singly and in combination. The response to the combination was not significantly different from the maximal response to either agonist alone as measured in this series or overall in all experiments (Table 1, B and  0 CCK-OP, but its effect was less pronounced than that of dibutyryl cGMP (Table 2) . Proglumide appeared to be a competitive inhibitor of the response to CCK-OP, causing rightward parallel shifts of the dose-response curve to CCK-OP (Fig. 7) . The data illustrated in Fig. 7 show that 10B3 M proglumide inhibited the response to 1O-11 M CCK-OP (i.e., the D50 for CCK-OP) by 80 t 4% (P < 0.001). In the same experiments, however, 10B3 M proglumide had no effect on the response to lW1' M acetylcholine (D50 for acetylcholine).
kpecificity of responses to acetylcholine and CCK-OP. The specificity of the responses to acetylcholine and CCK-OP was examined in separate series of experiments with three doses of atropine and two doses each of dibutyryl cGMP and proglumide. The results are summarized in Table 2 . The highest doses of these agents had no effect on control muscle cell length.
Effect of withdrawal of calcium from incubation medium. The req uirement for the presence of extracellular calcium in the incubation medium was examined in ex-
The lowest dose of atropine (5 x 10wl' M) inhibited specifically the maximal response to acetylcholine but had no effect on the response to CCK-OP. Higher doses of atropine inhibited the response to CCK-OP. The highest dose of atropine abolished the response to acetylcholine and partially inhibited the response to CCK-OP but had no effect on the response to calcium. periments where the cells were first dispersed and then incubated in Krebs buffer, from which calcium was withdrawn and to which 1 mM EGTA was added. The peak responses to maximal doses of acetylcholine (35.6 t 1.5% decrease in cell length) and CCK-OP (32.0 t 2.9%) were not significantly different from the peak responses to either agonist in the presence of control 2 mM calcium (Table 1) . DISCUSSION This shows study, that fu cells can instance, reported previously in abs tract form (IO), .nctionally viable, isola ted smooth muscle Dibutyryl cGMP inhibited specifically the response to CCK-OP. At 1V4 M, dibutyryl cGMP inhibited the maximal response to CCK-OP by 45% (P < 0.01) but had no effect on the response to acetylcholine. At the higher dose ( 1V3 M), dibutyryl cGMP abolished the response to CCK-OP but had no effect on the response to acetylcholine or calcium (Table 2) . The study also shows that distinct, high-affinity cholinergic muscarinic and gastrin-CCK receptors are present on gastric smooth muscle cells in the guinea pig. The receptors mediate contraction that is not immediately Proglumide also inhibited specifically the response to dependent on the presence of calcium in the extracellular Both dibutyryl cGMP (DBcGMP) and proglumide inhibited the maximal response to octapeptide of cholecystokinin (CCK-UP) in a dose-dependent manner but had no effect on the response to acetylcholine or calcium, Atropine inhibited the maximal response to acetylcholine in a dose-dependent manner and had a partial effect in high doses on the response to CCK-OP but had no effect on the response to extracellular calcium. Significance of inhibition:
*P < 0.01; ta < 0.05; *Not significant. the maximal response to either agonist alone or to a combination of maximal doses of both agonists (Table 1) . Furthermore, these maximal responses were nut different from those elicited by a 2%fold or B-fold increase in extracellular calcium. The identity of maximal responses to all forms of stimulation, including added calcium, argues in favor of a limiting step involving an increase in intracellular calcium. The probability of this step being intracellular is supported by the fact that CCK-OP and acetylcholine were capable separately of eliciting maximal responses in the absence of calcium from the bathing medium. Accordingly, it is postulated that CCK-OP and acetylcholine elicit contraction by causing the release of calcium from intracellular stores, whereas high extracellular concentrations of calcium elicit contraction by causing the entry of calcium into cells rendered more permeable by the process of dispersion.
In this respect, the contractile response of smooth muscle cells to acetylcholine and CCK-OP resembles the secretory response of pancreatic acinar cells (II, 16, 24, 34), medium. This study thus clearly establishes that at least one component of the action of CCK on mammalian gastric smooth muscle is direct (myogenic).
The specificity of the receptors was determined by the use of selective antagonists of the action of CCK-OP and acetylcholine. Dibutyryl cGMP was first shown by Peikin et al. (25) to inhibit CCK-stimulated amylase secretion in isolated pancreatic acini. Since then, it has been shown to inhibit the binding and activity of CCK or gastrin in several target tissues [isolated gastric parietal cells (27), intestinal nerve fibers (19)) and gallbladder smooth muscle (26)]. More recently, proglumide was shown to inhibit the binding and activity of CCK in isolated pancreatic acini (17). In the present study, both dibutyryl cGMP and proglumide inhibited tbe contractile response to CCK-OP but had no effect on the response to acetylcholine or added calcium. The dose of dibutyryl cGMP (10m4 M) that inhibited the maximal contractile response by 50% was identical to that reported by Peikin et al. (25) to inhibit maximal secretion of pancreatic amylase by 50%.
The specificity of the muscarinic receptor was evident at low doses of atropine that inhibited selectively the response to acetylcholine.
At higher doses (5 x IO-' M), atropine abolished the maximal response to acetylcholine, but it also inhibited partially the response to CCK-OP. Partial inhibition of the response to CCK also occurs in muscle cells of the amphibian and human stomach (8, 9) and the canine gallbladder (unpublished observations). One interpretation of this finding is that CCK receptors are adjacent to cholinergic receptors, so that the binding of atropine to the cholinergic receptor could interfere with the binding of CCK to its own receptor. A postreceptor effect is also possible (30) but not beyond the point of action of calcium, inasmuch as even the highest concentrations of atropine had no effect on the contractile response to added calcium.
An interaction between adjacent CCK and cholinergic receptors upon activation by their respective agonists could also explain the synergistic response to a combiSeveral features of the dose-response curves to acetylcholine and CCK-OP are worth noting. First, the identity of responses to CCK-OP and unsulfated gastrin-17 (Fig.  6) implies that the structural feature that confers on CCK its characteristic potency as a stimulant of gallbladder contraction and pancreatic enzyme secretion (i.e., the presence of a sulfated tyrosine on position 7 from the Cterminal) is not essential for recognition or activation of the CCK-gastrin receptor on gastric smooth muscle cells. In this regard, our results are remarkably similar to those obtained by Morgan et al. (21-23) in canine antral smooth muscle strips. These investigators showed that the D50 values for the increase in amplitude of the action-potential plateau associated with contraction were similar for CCK-OP and gastrin-17 (4 x lo-l1 M) and only marginally higher than the Dm for pentagastrin (2 X lo-l1 M). The DW values for stimulation of muscle contraction also were similar for CCK-OP and gastrin-17. Morgan et al.
(21-23) further showed that the effects of gastrin-17 and CCK-OP were largely, although not completely, resistant to atropine.
A second noteworthy feature of the dose-response curves to CCK-OP, gastrin, or acetylcholine is their wide span, most likely an indication of receptor heterogeneity. The heterogeneity may reflect regional differences between muscle cells (antrum vs. fundus or cardia), but this is only partly the explanation because a similar wide span was also noted in dose-response curves for human muscle cells derived solely' from the antrum (8). Receptor heterogeneity is a well-recognized feature of neural muscarinic receptors (7), but it has nut been reported previously for gastrin or CCK receptors in smooth muscle.
In addition to their wide span, the dose-response curves to CCK-OP and acetylcholine showed a decrease in maximal response and a tendency to plateau at supramaximal doses. We have not examined the cause of this phenomenon, but we note in passing that a similar pattern occurs in relation to pancreatic amylase secretion stimulated by carbachol or CCK-OP (1). 
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Finally, the dose-response curves displayed a high sensitivity to acetylcholine. This greater sensitivity was also found in muscle cells derived from the amphibian and human stomachs (8, 9) and the canine gallbladder. In contrast, the sensitivity of muscle cells to CCK-OP or gastrin was of the same order as that found in muscle strips (21-23, 32, 36, 37). The selective enhancement of sensitivity to acetylcholine is probably due to inactivation and elimination of membrane-bound and extracellular acetylcholinesterase during cell dispersion. The physiological implications of the findings in isolated muscle cells deserve brief comment.
First, the strong synergism between 10-l' M CCK-OP and IO-l1 M acetylcholine at concentrations that are likely to be below circulating levels of CCK or humorosynaptic levels of acetylcholine (33) suggests that an interaction between these two agonists is an important determinant of gastric smooth muscle tone and contractile response. Second, the effects of atropine in vivo or on isolated muscle strips must be interpreted with caution. By nullifying the synergistic effect, atropine may appear to inhibit the effect
